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Introduction
The increase of atmospheric greenhouse gases may change the global climate system in multiple ways, among which is the pattern of storm incidence. Storms are at the top list of the costliest events in Europe for the insurance industry (e.g., Reinhard, 2005) , and the largest storms could make tangible economic loss even at a national scale. Along with tropical cyclones (Narita et al., 2008) , extratropical storms have also attracted the attention of various people in the context of climate change, especially because a number of large-sized events took place in Europe in recent decades (e.g., Dorland et al., 1999; Reinhard, 2005) .
Generally speaking, such large extratropical storms are not frequent, and the economic impacts of storms are thus on average not very profound, at least in rich countries (Dorland et al., 1999) . However, global climate change might alter the picture.
The reinsurance industry (e.g., Swiss Re, 2006) has found that the economic costs of severe storm events have expanded over the last several decades, one of the drivers for which might be climate change. As climate changes further in the future, storm damages might become a more important factor even in the richest economies in the midlatitudes, not to mention lower income economies in the same latitudinal zones.
Climatologists have not yet reached a consensus on future changes in activities of extratropical cyclones under climate change, but it would be safe to say that the enhancement of extratropical storm damage under climate change is recognized as a conceivable case. In fact, some of the well-accepted findings on this topic, the ones documented in IPCC Assessment Reports, are consistent with the claim. First, the IPCC Fourth Assessment Report (2007) indicates that it is likely that there has been a net increase of extratropical cyclones in frequency or intensity over the Northern Hemispheric land since 1950, although mechanisms other than climate change (e.g., decadal-scale fluctuations) could explain the change as well. Second, both IPCC's Third and Fourth Assessment Reports (2001 Reports ( , 2007 introduce, though not endorse, the view that the number of intense extratropical cyclones may increase under climate change (whereas the total number of storms might be reduced), citing a set of research works reaching this conclusion (e.g., Lambert and Fyfe, 2005) . Third, the Fourth Assessment Report describes that the "consistent" results from different general circulation models show a poleward shift of storm tracks as a result of climate change, in other words, greater storm activities at high latitudes.
Some efforts have been made as to include extratropical storms in integrated assessment models on climate change. For example, in a European context, a number of papers assess a possible increase of economic loss due to extratropical storms under climate change (e.g., Dorland et al., Leckebusch et al., 2007 , Pinto et al., 2007 , Hanson et al., 2004 . Leckebusch et al. (2007) conduct regressions of daily maximum wind speeds (calculated with multiple general circulation models (GCMs)) with recorded property losses, and they conclude that storm-related economic loss in the UK and Germany would increase up to 37%. Pinto et al. (2007) apply a similar method to Western Europe by using a single GCM (ECHAM5/MPI-OM1) and estimate that the change of the mean annual loss of storms is in the range from -4% to 43% in the case of Germany. Hanson et al. (2004) estimate the future economic impact of storms in the UK with climate change. In addition to insurance losses, Hanson et al. discuss the forestry sector in detail, using a model incorporating the strength of the stem and the resistance of the tree to overturning. Meanwhile, Dorland et al. (1999) draw on local data of property damage from a winter storm hit the Netherlands in 1990 (Daria). They derive an exponential relationship between the damage and the maximum wind speed and conclude that "an increase of 2% in wind intensity by the year 2015 could lead to a 50% increase in storm damage… only 20% of the increase is due to population and economic growth."
To our knowledge, however, no previous study of economic modelling discussed this topic in a global context, and placed in the context of the total economic impact of climate change. In a global study of economic impacts of storms and climate change, one additional consideration needed in analysis would be the effects of income levels, which are very different across countries. Two factors are in play with regard to the relationship between affluence and disaster damages (e.g., Toya and Skidmore, 2007) : economic damages of natural disasters may be magnified in richer economies because a unit amount of loss in capital leads to a bigger loss of income due to high productivity of capital; on the other hand, the wealthy can insulate themselves from disasters.
In this paper, we discuss long-term economic effects of extratropical cyclones with climate change computed by the integrated assessment model FUND 3.4.
Extratropical storms are a new element in FUND. In the following, brief descriptions of FUND and our approach to model the damage of extratropical cyclones are presented in Section 2. Section 3 shows the results. Section 4 concludes.
Methodology: Estimation of extratropical cyclone impacts with FUND

The FUND model
We use Version 3.4 of the Climate Framework for Uncertainty, Negotiation and Distribution (FUND) for our analysis of climate change impacts with enhancement of tropical cyclone activities. Version 3.4 of FUND has the same basic structure as that of Version 1.6, which is described and applied by Tol (1999 Tol ( , 2001 Tol ( , 2002c . Except for the extratropical storm component which is discussed in this paper, the impact module of the model is outlined and assessed by Tol (2002a, b) . The latest publication using the FUND platform is Anthoff et al. (2009) . The source code and a complete description of the model can be found at http://www.fund-model.org/.
Essentially, FUND is a model that calculates damages of climate change for 16 regions of the world listed in Table 1 period is only used for calibration, and the years beyond 2100 are used for the approximating the social cost of carbon under low discount rates, a matter that does not concern us in this paper. The scenarios up to the year 2100 are based on the EMF14 Standardized Scenario, which lies somewhere in between IS92a and IS92f (Leggett et al., 1992) . For the years from 2100 onward, the values are extrapolated from the pre-2100 scenarios. The radiative forcing of carbon dioxide and other greenhouse gases used by FUND is determined based on Shine et al. (1990) . The global mean temperature is governed by a geometric build-up to its equilibrium (determined by the radiative forcing) with a half-life of 50 years. In the base case, the global mean temperature increases by 2.5˚C in equilibrium for a doubling of carbon dioxide equivalents.
Regional temperature increases, which are the primary determinant of regional climate change damages (except for tropical cyclones, as discussed below), are calculated from the global mean temperature change multiplied by a regional fixed factor, whose set is estimated by averaging the spatial patterns of 14 GCMs (Mendelsohn et al., 2000) .
As described by Tol (2002a) , the model considers the damage of climate change for the following categories besides tropical cyclones: agriculture, forestry, water resources, sea level rise, energy consumption, unmanaged ecosystems, and human health (diarrhoea, vector-borne diseases, and cardiovascular and respiratory disorders).
In our version of FUND, tropical cyclones are treated as a separate category, rather than as a factor elevating damage levels of existing categories (e.g., crop damages from enhanced floods). Impacts of climate change can be attributed to either the rate of temperature change (benchmarked at 0.04˚C per year) or the level of temperature change (benchmarked at 1.0˚C). Damages associated with the rate of temperature change gradually fade because of adaptation.
FUND also has macroeconomic and policy components. Reduced economic output due to damages of climate change is translated into lower investment (with exogenous saving rates) and consequently slower growth rates. With policy variables such as those representing carbon abatement measures, FUND can be operated as an assessment tool for long-run climate policy. In this paper, however, we do not use this policy-assessment function of the model.
Extratropical cyclones
We model extratropical cyclones with the FUND framework similarly in spirit to the modelling of hurricane impacts (see Narita et al., 2008) . The economic damage due to an increase in the intensity of extratropical storms follows the equation below: 
ETD t,r and Y t,r are the damage due to extratropical cyclones (increase relative to preindustrial) and GDP in region r and time t, respectively. Note that Equation (1) represents the effect of a deviation of extratropical cyclones from its pre-industrial (i.e., not the total level of storm damages). α r is the factor determining the benchmark level of cyclone damages for region r (see Table 2 ). The data for cyclone damages are drawn from the Emergency Events Database (EM-DAT: http://www.emdat.be/) by the WHO Collaborating Centre for Research on the Epidemiology of Disasters (CRED). The CRED EM-DAT is an international initiative which assembles and organizes the data of natural disaster damages collected by various institutions worldwide (i.e., UN organizations, governments, NGOs, universities, private firms, and the press). The database contains basic data on the occurrence and the effects of more than 17,000 disasters in the world from 1900 to the present (Scheuren et al., 2008) . Although the dataset has the weakness that its economic damage data are listed on a reported basis from different institutions and lack consistency, it is more comprehensive than other similar types of dataset and thus the best available at present. The coefficient α r is estimated by averaging storm damages in the dataset over the period 1986-2005. It should be noted that storm impacts vary greatly year to year, and the level of the coefficient is extremely sensitive to what period is chosen and averaged. We address this issue by conducting a set of sensitivity runs, which are discussed in the next section.
The component (y t,r /y 1990,r ) ε in Equation (1) SEA, and SIS). In the standard run, we adopt the simple assumption that the damage has a linear relationship with the CO 2 concentrations (i.e., γ = 1). In sensitivity runs, we investigate the significance of this linear assumption with different levels of γ.
Similar to the rest of the impact module for FUND (Tol, 2002a; Narita et al., 2008) , the extratropical cyclone component has a separate function estimating mortality in addition to that for economic damages: 
In Equation (2), ETM t,r and P t,r are the mortality due to extratropical cyclones (increase relative to pre-industrial) and the population in region r and time t, respectively. β r signifies the regional baseline level of mortality from tropical cyclones (based on the CRED EM-DAT data, see Table 2 ). η is the income elasticity of storm damage and set as -0.501 (standard deviation: 0.051) after Toya and Skidmore (2007) . The number of death computed after the equation is translated into loss of population. The mortality is also considered to be equivalent with some economic loss: as in the other impact categories in FUND, mortality due to tropical cyclones is valued at 200 times the per capita income of the affected region. This is set to be consistent with the discussion by Cline (1992) , who drew on average annual wage data and estimates of the value of a statistical life. Table 3 presented in Figure 1 show this income effect more visibly. The graph shows a rapid increase of absolute storm damages, 5 while the ratio of increased damage to GDP is more or less flat over the period, which is around 0.0007%. Table 3 also shows the results of sensitivity runs. As already mentioned, storm damages exhibit significant interannual variability, and the choice of baseline period affects the results. As alternative cases, we both extend and shorten the averaging period by ten years (1976-2005 and 1996-2005 ). As Table 3 exhibits by far the highest damage relative to GDP, over 0.006% of GDP.
Results
The other sets of results shown in Table 3 are sensitivity analyses for different values of parameters. The income elasticities of storm damage with regard to direct economic loss and mortality (ε and η) are increased and decreased according to the standard deviations estimated by Toya and Skidmore (2007) . As for the income elasticity on direct economic loss (ε), the shift of level has a relatively small impact on outcome, by around 10% at most. The change in elasticity brings about a slightly larger change in mortality, up to around 15% of the total.
5 In other words, the effect of climate change on storm damage is much less than 35% of total at present. Table 3 varies the exponent γ, namely, γ = 3, 2, 0.5. Note that parameter δ involves the change in frequency of intense storms, not in wind speed.
While storm damage is more than linear in wind speed (e.g., Emanuel, 2005) , it is probably linear in storm frequency. The sensitivity runs on δ and γ show that higher levels of these parameters indeed lead to greater damages up to 4 times relative the base run's, but not in order of magnitude. show that in a relative sense, the marginal costs from storm damages are negligible in the total marginal costs, and are even significantly less than the ones for tropical storms (about one tenth in case of the 0% time preference; cf. Narita et al., 2008) .
Discussion and conclusion
This study estimates the economic impacts of enhanced storm activities under climate change with the integrated assessment model FUND 3.4. In the base case, the direct economic damage of enhanced storms due to climate change amounts to $2.4 billion globally (approximately 35% of the total economic loss of storms at present) at the year 2100, while the ratio to the world GDP is 0.0007%.
The regional results (Figure 2) indicate that the economic effect of extratropical storms with climate change would have relatively minor importance for the US: The enhanced extratropical storm damage (less than 0.001% of GDP for the base case) is one order of magnitude lower than the tropical cyclone damage (roughly 0.01% GDP)
calculated by the same version of FUND. In the regions without strong tropical cyclone influence, such as Western Europe and Australia and New Zealand, the extratropical storms might have some more significance as a possible damage factor of climate change. Especially for the latter, the direct economic damage could amount to more than 0.006% of GDP. Still, the impact is small relative to the income growth expected in these regions.
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Our assessment falls in the range of existing estimates on Europe. Leckebusch et al. (2007) concluded that in the UK and Germany, storm-related loss would increase by up to 37% under climate change (i.e., the change to be seen in the late 21 st century from the present). Pinto et al. (2007) This study's results show different damage than Dorland et al. (1999) , who assume an increase of wind intensity. They concluded that a 2% increase of wind intensity could lead to a 50% increase of storm loss in the Netherlands. Our study does not base its assessment on wind speed (whose global comparison data do not exist in the context of climate change), and thus these two sets of results are not directly comparable. However, their conclusion suggests that our estimates might be rather conservative.
This paper is an initial attempt to assess global impacts of extratropical storms under climate change, and it unavoidably has some limitations. The most important one would be the state of scientific knowledge it stands on, which is still somehow elusive and does not allow us to make detailed formulations of storm impacts for the model.
Additionally, the following could be pointed out as limitations concerning our assessment approach itself. First, our computation adopted exogenous savings rates to simulate long-run growth paths with intensifying storms, but more accurate modelling 
